Vibronic and vibrational spectra of 2-(2-fluoro-phenyl)-ethylamine (2-FPEA) conformers were measured in a molecular beam by resonant two-photon ionization (R2PI), ultravioletultraviolet hole burning (UV-UV HB) spectroscopy, and ionization-loss stimulated Raman spectroscopy (ILSRS). The measured ILSR spectral signatures in the survey spectra of the amino group region and in the broad spectral range, revealed the presence of five different conformers, which were confirmed by the HB spectra. The determination of the structures of the conformers of 2-FPEA were assisted by quantum chemical calculations of the torsional potential energy surface and of the scaled harmonic Raman spectra. Comparison of the measured ILSR spectra with the calculated Raman spectra allowed to identify one gauche structure with the ethylamino side chain folded toward the fluorine atom, two gauche structures with the ethylamino side chain folded to the opposite side and two anti conformers with extended tails. The effect of fluorination on the spectra and on the stability and structures of these species is discussed. submitted to Phys. Chem. Chem. Phys. † Electronic supplementary information (ESI) available.
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Introduction
The presence of various degrees of freedom in flexible molecules may lead to ridged potential energy surfaces (PESs) with several conformational minima.
Nevertheless, even if a particular molecule can possess multiple conformational structures, only one or a few favored structures may be observed, depending on the relative energies of their minima, the barriers heights which separate them and the possible paths for isomerization. By finding the preferential conformations, it is plausible to obtain information on intramolecular forces in isolated molecules and even on the delicate balance between the intra-and intermolecular forces for a specific molecule and for those situated in its vicinity, respectively. 1, 2, 3, 4 This is of particular importance for molecules and their clusters with biological activity, which play a significant role in biospecific recognition at a receptor site, via hydrogen bonds or London dispersion forces. Yet, finding the spatial arrangements of isolated biomolecules is only a very preliminary step toward assessment of their function in actual biological environments.
One class of compounds that gained considerable interest during recent years is that of neurotransmitters (NTs), which contain a rigid skeleton and an ethylamino side chain.
NTs are endogenous messenger compounds, responsible for transmission, enhancement and modulation of neural signals across the synapse between neurons. The transmission process occurs through hydrogen bonding of the NT to a receptor protein with specific amino acid residues in a "key and lock" recognition process. 5 Since NTs are flexible molecules, they can modify their conformation easily, but their binding sites must be situated at specific positions. Therefore, the conformation of the flexible key, which is recognized by the usually more rigid lock, must be quite limited to achieve high selectivity. 6 
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Indeed, the conformational topography of representative NTs, appearing in the gas phase as neutral, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 species was explored by various spectroscopic methods, assisted by quantum chemical calculations. In these studies, comparison of the measured spectral signatures to calculated spectra enabled to find the corresponding structures and to unravel their intrinsic properties at the most fundamental level.
For example, 2-phenylethylamine (PEA), among the simplest aromatic biogenic amines and the building block for various NTs and neurologically active molecules, was found to fold into four different conformers, while rotating about the C-C and C-N single bonds in the ethylamino side chain. 7,9(b) ,10,11,16,18 (a) The two lowest and two highest energy conformers of PEA favored structures with folded (gauche) and extended (anti) tail, where in the former, one of the amino hydrogen atoms was oriented towards the aromatic ring, forming weak N-H···π hydrogen bonds.
Recalling that the activity of NTs and drugs can be altered by fluorine substitution, 27, 28, 29, 30 and that structural information on these compounds is only scantily available, it is anticipated that the substitution of a single hydrogen atom, in different positions of the phenyl ring of PEA, might provide a venue for testing the effect of fluorination on the conformational landscape.
In the present work, we extended our studies from PEA to 2-(2-fluoro-phenyl)- Fig. 1 , an asymmetric structure obtained by fluorine substitution at the ortho position. The presence of fluorine at this position, nearby the ethylamino chain, is expected to be the most effective in inducing some conformational variations and hence revealing the structural motifs in 2-FPEA is of much interest. Indeed, the conformational landscape of 2-FPEA has been characterized recently by rotational Fourier-transform microwave spectroscopy in a molecular beam, and five 
Methods
a. Experimental Techniques
The one-color R2PI and ILSR experiments in Beer-Sheva were performed similarly to previous studies, 18,26 while using a pumped Wiley-McLaren home-built time-of-flight mass spectrometer (TOFMS).
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Briefly, the TOFMS included a differentially pumped source and a main detection chamber, separated by a skimmer with a 2.0 mm diameter in a small reservoir at room temperature. The prepared gas mixture was then expanded through a solenoid-based pulsed valve (0.8 mm diam. orifice) operating at 10 Hz and then passed through the skimmer before entering into the main vacuum chamber. The generated molecular beam was introduced into the main chamber, while pointing toward the detection plane.
In the interaction region of the TOFMS, the molecular beam was crossed by the laser beams, allowing measurement of mass-selected R2PI and ILSR spectra. The R2PI spectrum was measured using a tunable frequency-doubled pulsed neodymium:yttrium aluminum-garnet (Nd:YAG)-pumped dye laser (UV) (~ 5 ns pulses, 10 Hz frequency and energy of < 10 µJ). The ILSR spectra were measured while employing an additional Ions obtained by the different methods were detected by a microchannel plate and fed into a home-made fast preamplifier, allowing measurement of the mass spectra, or the integrated intensity of the molecular ion peak with a fast digital oscilloscope. The R2PI
and ILSR spectra were obtained by measuring the integrated ion signal as a function of the The experimental setup in Tokyo to measure the one-color R2PI and UV-UV HB spectra was described in detail elsewhere. 33 Briefly, it couples a supersonic expansion with a linear TOFMS. 2-FPEA vapor (Sigma-Aldrich, 99 %) seeded in 2 bar Ar carrier gas was supersonically expanded through a pulsed valve. To measure R2PI spectra a tunable UV laser (several µJ) was focused on the molecular beam in the ionization region of the linear TOFMS. To measure the UV-UV HB spectra, one UV laser (several µJ) was set to a specific S 1 ←S 0 band origin of a specific conformer and a second tunable UV laser (sub mJ) with a delay of 1 µs was used to probe the isomer-specific depopulation by dips in the R2PI spectra. Both UV lasers were generated by frequency doubling of Nd:YAG pumped dye lasers. The pulsed valve and the second UV laser (probe) were operated at 20 Hz, while the first UV laser (burn) was operated at 10 Hz to obtain R2PI signals with and without burn lasers. The signals of alternating triggers were divided to derive a normalized HB spectrum, corrected for source fluctuations.
b. Calculations
Initial geometry optimizations of the 2-FPEA conformers were performed by the MMFF94s force field in Avogadro. 34 These initial geometries were then introduced in the GAUSSIAN 09 package 35 to carry out density functional theory (DFT) calculations for determining the geometric, energetic and vibrational characteristics of the 2-FPEA conformers. The geometric optimization was carried out using "tight" self-consistent field convergence criteria and "ultrafine" integration grids. The optimizations were performed by the Becke three parameter hybrid functional combined with the Lee-Yang-Parr correlation functional (B3LYP) 36, 37 and by dispersion-corrected DFT, using the M06-2X The optimized geometries were also used for calculation of the harmonic vibrational frequencies and of the Raman activities at the same DFT levels of theory. The Essentially, the flexible ethylamino side chain has four coordinates with largeamplitude motion, namely internal rotation about the C8-N, C7-C8, and C1-C7 bonds,
i.e., the ψ, β, and α dihedral angles ( considering internal rotation about these angles.
3.
Results and Discussion
a. Resonant two-photon ionization and survey ionization-loss stimulated Raman spectra
The mass-selected one-color R2PI spectrum of 2-FPEA, in the S 1 ← S 0 band origin region, is shown in Fig. 2(a) . The R2PI spectrum is dominated by an intense origin at 37 608 cm -1 and some other features shifted to the blue and red side, respectively. Since conformers, from the ILSR spectra (see below), the colors were found to correspond to G1h, A1h, G2h, G2f, and A2 conformers of 2-FPEA, respectively. This notation of the conformers is according to that used by Melandri et al., 22 who also detected the same five conformers in the molecular beam by using rotational spectroscopy.
Our above classification allowed distinguishing between the R2PI features of 2-FPEA [ Fig. 2(a) ], where some were associated to the origins of the different conformers and others to excited vibronic states, where the former were marked by the corresponding colored circles. For most conformers, the first excited vibronic states at ≈ 40 cm -1 are observed, while for G1h additional states at higher frequencies could also be observed.
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This is reasonable, considering that the G1h exhibits the most intense feature for the 0 vibronic state and appears to be the most populated one in the molecular beam. It is worth noting that the R2PI spectrum of 2-FPEA is richer than that of PEA, which showed only four dominant features, corresponding to the four different conformers.
10,18 (a) This is reasonable, considering the relative energies of the conformers of the two compounds (see below) and probably the more intense transition moments in 2-FPEA.
b. UV-UV hole burning spectra
The R2PI spectrum of 2-FPEA measured from 37 380 -37 750 cm Table I . Next to the band origins all other transitions in the R2PI spectrum appear in the HB spectra except peaks above 37715 cm -1 due to insufficient laser power.
c. Ionization-loss and -gain stimulated Raman spectra
Conformer-specificity in 2-FPEA was confirmed by measurement of the ILSR spectra of the different species in a broad spectral range. In particular, the upper traces of frequency ranges of the ILSR spectra (see data in Table S1 of the ESI) † , and were measured by parking the UV laser on the 0 vibronic states marked in Fig. 2 as colored Examination of the Raman shifts, exhibited by the gain features in the different spectra, shows that they exactly match the position of the loss lines of conformer G1h (the most populated one, as suggested by its intensity in the R2PI spectrum, Fig. 2(a) . Some of the lines appear in all spectra, although they are excited by different UV wavelengths (depending on the UV excitation wavelength for each conformer), while others only at a specific UV wavelength. In some cases, when the gain-and loss-lines are very nearby, the appearance of the former lines in the spectra perturbs the latter ones and particularly their intensities, so that they seem to be first derivatives of peaks, but in fact they are related to the two different Raman processes. 
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for the former and latter, respectively. The following two additional minima, A1h and A2, result from anti conformers, which are separated by lower barriers from each other, and by higher barriers, along the β dihedral angles, that separates them from the gauche conformers. The additional conformers are even higher in energy and actually were not observed in our experiment and in the microwave study.
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These values of the global minima are also summarized in Table II As for the alkyl C-H stretches, observation of four transitions, related to the symmetric and antisymmetric stretch modes of the two different CH 2 groups would be anticipated. Indeed, in some of the spectra the number of resolved transitions is four, while in others some of the bands split up, probably due to Fermi resonances that couple the C-H stretches with overtones and combination bands of the CH 2 bends. Yet, it is apparent from the spectra that the alkyl C-H stretch region is sensitive to the conformation of the ethylamino side chain in 2-FPEA. It can be seen that the spectra in panels (b) and (c) of Fig. 5 , exhibit features that are characterized by a triplet separated from the lowest Raman shifted line, while the other spectra include two pairs of lines that differ in spacing between them. The calculated Raman spectra in the C-H stretch region for conformers G1h (the most stable one) and A1h of 2-FPEA, panels (b) and (c), respectively, correlate well with the experimental ILSR spectra and indicate that the symmetric C-H stretch on C8 shifts to < 2880 cm -1 . As for the other conformers, no quantitative fit between the measured ILSR and calculated Raman spectra is observed. This could be a result of the harmonic frequency calculations that were performed, which fail to reach the required accuracy in the computed C-H stretch force field and also do not account for the Fermi resonances, anharmonic couplings and local mode mixing, and therefore do not provide the exact values for the C-H stretch frequencies. These findings show that the C-H stretches in the ILSR spectra are very sensitive to the amino group orientation and are probably influenced by the interaction of the CH 2 moiety with the lone pair electrons on nitrogen.
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Nevertheless, the assignment of the 2-FPEA conformers is greatly assisted by the low frequency range spectra, Fig. 4 . It is immediately apparent that for all conformers the dominant measured ILSR features, and even most of the low intensity ones, are well reproduced by the calculated Raman spectra. Comparison of the spectra, related to the different conformers, shows that some of features appear at almost identical frequencies, while others exhibit shifts, due to changes in structure. A region that shows very different patterns in the ILSR spectra of the 2-FPEA conformers is that around 1000 cm and 5(e), correspond to the G2h, G1h, A1h, G2f and A2 conformers of 2-FPEA, respectively, also identified in the microwave study.
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This interpretation is also supported by the energetic ordering predicted by the quantum chemical calculations shown in Fig. 6 and in Table II . As mentioned above, the G1h conformer of 2-FPEA corresponds to the global minimum and the gauche conformers, G2h and G2f, and the anti conformers, A1h and A2, are somewhat higher in energy. The relatively high potential energy barriers between these conformers render them experimentally distinguishable. As for the four additional computed conformers, G1f, G3f, A1f and G3h, they are even higher in energy, but exhibit lower potential barriers for isomerization, implying that they would not persist in the molecular beam. 
Conclusions
As can be inferred from the above, this study shows the premise behind our approach, where vibrational spectra were measured by the ILSR method in a broad spectral range, enabling to monitor multiple vibrational modes of the different conformers 
